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(57) ABSTRACT 

A solid-state quantum computing structure includes a dot of 

superconductive material, Where the superconductor pos 
sesses a dominant order parameter With a non-Zero angular 

momentum and a sub-dominant order parameter that can 

have any pairing symmetry. Alternately a solid-state quan 
tum computing structure includes an anti-dot, Which is a 

region in a superconductor Where the order parameter is 
suppressed. In either embodiment of the invention, circu 
lating persistent currents are generated via time-reversal 
symmetry breaking effects in the boundaries betWeen super 
conducting and insulating materials. These effects cause the 
ground state for the supercurrent circulating near the qubit to 
be doubly degenerate, With tWo supercurrent ground states 
having distinct magnetic moments. These quantum states of 
the supercurrents store quantum information, Which creates 
the basis of qubits for quantum computing. Writing to the 
qubits and universal single qubit operations may be per 
formed via the application of magnetic ?elds. Read-out of 
the information may be performed using a SQUID micro 
scope or a magnetic force microscope. 
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SUPERCONDUCTING DOT/ANTI-DOT FLUX 
QUBIT BASED ON TIME-REVERSAL SYMMETRY 

BREAKING EFFECTS 

BACKGROUND 

[0001] 1. Field of the Invention 

[0002] This invention relates to quantum computing and 
to solid state devices that use superconductive materials to 
create and maintain coherent quantum states such as 
required for quantum computing. 

[0003] 2. Description of Related Art 

[0004] Research on What is noW called quantum comput 
ing traces back to Richard Feynman. See R. Feynman, Int. 
J. Theor. Phys., 21, 467-488 (1982). Feynman noted that 
quantum systems are inherently dif?cult to simulate With 
conventional computers but that observing the evolution of 
a quantum system could provide a much faster Way to solve 
some computational problems. In particular, solving a 
theory for the behavior of a quantum system commonly 
involves solving a differential equation related to the Hamil 
tonian of the quantum system. Observing the behavior of the 
quantum system provides information regarding the solu 
tions to the equation. 

[0005] Further efforts in quantum computing Were initially 
concentrated on “software development” or building of the 
formal theory of quantum computing. Milestones in these 
efforts Were the discoveries of the Shor and Grover algo 
rithms. See P. Shor, SIAM J. of Comput., 26:5, 1484-1509 
(1997); L. Grover, Proc. 28th STOC, 212-219 (1996); and A. 
Kitaev, LANL preprint quant-ph/9511026 (1995). In par 
ticular, the Shor algorithm permits a quantum computer to 
factoriZe natural numbers. ShoWing that fault-tolerant quan 
tum computation is theoretically possible opened the Way 
for attempts at practical realiZations of quantum computers. 
See E. Knill, R. La?amme, and W. Zurek, Science, 279, p. 
342 (1998). 
[0006] One proposed application of a quantum computer 
is factoring of large numbers. In such an application, a 
quantum computer could render obsolete all existing encryp 
tion schemes that use the “public key” method. In another 
application, quantum computers (or even a smaller scale 
device, a quantum repeater) could enable absolutely safe 
communication channels, Where a message, in principle, 
cannot be intercepted Without being destroyed in the pro 
cess. See H. J. Briegel et al., LANL preprint quant-ph/ 
9803056 (1998) and the references therein. 

[0007] Quantum computing generally involves initialiZing 
the states of N qubits (quantum bits), creating controlled 
entanglements among the N qubits, alloWing the quantum 
states of the qubits to evolve under the in?uence of the 
entanglements, and reading the qubits after they have 
evolved. A qubit is conventionally a system having tWo 
degenerate quantum states, and the state of the qubit can 
have non-Zero probability of being found in either degen 
erate state. Thus, N qubits can de?ne an initial state that is 
a combination of 2N states. The entanglements control the 
evolution of the distinguishable quantum states and de?ne 
calculations that the evolution of the quantum states per 
forms. This evolution, in effect, can perform 2N simulta 
neous calculations. Reading the qubits after evolution is 
complete determines the states of the qubits and the results 
of the calculations. 

Sep. 19, 2002 

[0008] Several physical systems have been proposed for 
the qubits in a quantum computer. One system uses chemi 
cals having degenerate nuclear spin states. Nuclear magnetic 
resonance (NMR) techniques can read the spin states. These 
systems have successfully implemented a search algorithm 
and a number-ordering algorithm. See M. Mosca, R. H. 
Hansen, and J. A. Jones, “Implementation of a quantum 
search algorithm on a quantum computer,”Nature, 3931344 
346, 1998 and Lieven M. K. Vandersypen, Matthias Steffen, 
Gregory Breyta, Costantino S. Yannoni, Richard Cleve and 
Isaac L. Chuang, “Experimental Realization Of Order-Find 
ing With A Quantum Computer,” LANL preprint quant-ph/ 
0007017 (2000) and the references therein. These search 
processes are related to the quantum Fourier transform, an 
essential element of both Shor’s algorithm for factoring of a 
natural number and Grover’s Search Algorithm for search 
ing unsorted databases. See T. F. Havel, S. S. Somaroo, C. 
-H. Tseng, and D. G. Cory, “Principles And Demonstrations 
Of Quantum Information Processing By NMR Spectros 
copy,” 2000 and the references therein, Which are hereby 
incorporated by reference in their entirety. HoWever, efforts 
to expand such systems up to a commercially useful number 
of qubits face difficult challenges. 

[0009] Another physical system for implementing a qubit 
includes a superconducting reservoir, a superconducting 
island, and a dirty Josephson junction that can transmit a 
Cooper pair (of electrons) from the reservoir into the island. 
The island has tWo degenerate states. One state is electrically 
neutral, but the other state has an extra Cooper pair on the 
island. Aproblem With this system is that the charge of the 
island in the state having the extra Cooper pair causes long 
range electric interactions that interfere With the coherence 
of the state of the qubit. The electric interactions can force 
the island into a state that de?nitely has or lacks an extra 
Cooper pair. Accordingly, the electric interactions can end 
the evolution of the state before calculations are complete or 
qubits are read. This phenomenon is commonly referred to 
as collapsing the Wavefunction, loss of coherence, or deco 
herence. See “Coherent Control Of Macroscopic Quantum 
States In A Single-Cooper-Pair Box,” Y. Nakamura; Yu, A. 
Pashkin and J. S. Tsai, Nature Volume 398 Number 6730 
Page 786-788 (1999) and the references therein. 

[0010] Another physical system for implementing a qubit 
includes a radio frequency superconducting quantum inter 
ference device (RF-SQUID). See J. E. Mooij, T. P. Orlando, 
L. Levitov, Lin Tian, Caspar H. van der Wal, and Seth Lloyd, 
“Josephson Persistent-Current Qubit,”Science 1999 August 
13; 285: 1036-1039, and the references therein, Which are 
hereby incorporated by reference in their entirety. The 
RF-SQUID’s energy levels correspond to differing amounts 
of magnetic ?ux threading the SQUID ring. Application of 
a static magnetic ?eld normal to the SQUID ring may bring 
tWo of these energy levels, corresponding to different mag 
netic ?uxes threading the ring, into resonance. Typically, 
external AC magnetic ?elds can also be applied to pump the 
system into excited states so as to maximiZe the tunneling 
frequency betWeen qubit basis states. A problem With this 
system is that the basis states used are not naturally degen 
erate and the biasing ?eld required has to be extremely 
precise. This biasing is possible for one qubit, but With 
several qubits, ?ne tuning this bias ?eld becomes extremely 
dif?cult. Another problem is that the basis states used are 
typically not the ground states of the system, but higher 
energy states populated by external pumping. This requires 
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the addition of an AC ?eld-generating device, Whose fre 
quency Will differ for each qubit as the individual qubit 
parameters vary. 

[0011] Research is continuing and seeking a structure that 
implements a quantum computer having a sufficient number 
of qubits to perform useful calculations. 

SUMMARY 

[0012] In accordance With one embodiment of the inven 
tion, a qubit includes a dot formed of a superconductor 
having a pairing symmetry that contains a dominant com 
ponent With non-Zero angular momentums and a sub-domi 
nant component that can have any pairing symmetry. The 
high temperature superconductors YBa2Cu3O7_X, 
Bi2Sr2Can_1CunO2n+4Tl2Ba2CuO6+X, and HgBa2CuO4.are 
examples of superconductors that have non-Zero angular 
momentum (dominant d-Wave pairing symmetry), Whereas 
the loW temperature superconductor Sr2RuO4, or the heavy 
fermion material CeIrIn5, are examples of p-Wave super 
conductors that also have non-Zero angular momentum 

[0013] In such qubits, persistent equilibrium currents arise 
near the outer boundary of the superconducting dot. These 
equilibrium currents have tWo degenerate ground states that 
are related by time-reversal symmetry. One of the ground 
states corresponds to persistent currents circulating in a 
clockWise fashion around the superconducting dot, While the 
other ground state corresponds to persistent currents circu 
lating counterclockwise around the dot. The circulating 
currents induce magnetic ?uxes and therefore magnetic 
moments, Which point in opposite directions according to 
the direction of current How in the dot, and the magnetic 
moments may be used to distinguish the states of the qubit. 

[0014] In accordance With another embodiment of the 
invention, a qubit includes a superconductive ?lm or bulk 
superconductor, in Which a region of the superconductive 
material has been removed or damaged. This region is 
sometimes referred to herein as an “anti-dot”. The super 
conductive ?lm or bulk surrounding the anti-dot or region of 
removed or damaged superconductor supports tWo degen 
erate ground states corresponding to equilibrium persistent 
currents circulating in clockWise and counterclockwise 
directions around the anti-dot. These tWo states may be 
distinguished by the magnetic moments that they produce. 

[0015] In accordance With yet another embodiment of the 
invention, a qubit includes a material such as YBa2Cu3O7_X, 
Which can undergo an insulating-superconducting transition 
and When in the insulating state can be locally turned 
superconducting through photon or particle irradiation. This 
material is prepared in the insulating state, for example, in 
the anti-ferromagnetic insulating state of YBa2Cu3O7_X, 
Which requires X to be strictly greater than 0.6, and strictly 
less than 1. This insulator is then irradiated, for example 
using scanning near ?eld microscopy. The irradiation turns 
a region superconducting to create a superconducting dot or 
anti-dot in the parent insulator. This dot or anti-dot then 
gives rise to persistent equilibrium currents at the boundary 
betWeen the superconducting area and the insulating back 
ground. These currents give rise to tWo nearly degenerate 
ground states, Which correspond to clockWise and counter 
clockWise current circulation around the dot or anti-dot. The 
magnetic moments created by these current ?oWs distin 
guish the tWo degenerate states. 
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[0016] To Write to (or initialiZe the state of) a dot or 
anti-dot qubit, a static magnetic ?eld having a magnitude 
that depends on the qubit’s structure, is applied normal to the 
plane of the qubit and in a direction chosen according to the 
desired basis state (|0> or |1>). The magnetic ?eld breaks the 
energy degeneracy of the qubit states. With this bias, the 
qubit Will decay to the most energetically favorable state 
(either |0> or |1> as required), With the time to decay 
typically being shorter than 1 millisecond but depending on 
the chosen embodiment of the invention. 

[0017] To perform single qubit operations on a dot or 
anti-dot qubit, an external magnetic ?eld applied to the qubit 
can be modulated. Application of a magnetic ?eld in the 
plane of the qubit generates a term in the effective Hamil 
tonian of the form A(HX)(AIX, Where the tunneling matrix 
element A(HX) betWeen the states can be varied over a large 
range, typically from Zero (for Zero transverse ?eld) to 100 
GHZ depending on the speci?c embodiment of the qubit. 
Applying a magnetic ?eld normal to the plane of the qubit 
provides a term proportional to 6,. 

[0018] To overcome the effects of tunneling and remain in 
a speci?c state, an alternating magnetic ?eld B(t) normal to 
the qubit can be used. This has the effect of adding to the 
Hamiltonian a term proportional to B(t)oZ Where, for 
example, B(t) can be a square Wave. This method is also 
used in conjunction With a clock Whose frequency is an 
integer multiple of the square Wave frequency (so that at 
every clock pulse, the qubit is in the same state in Which it 
began). 
[0019] To read from the qubit, any ultra-sensitive instru 
ment that reads sub-?ux-quantum level magnetic ?elds, such 
as a SQUID microscope or magnetic force microscope, can 
determine the direction of the magnetic ?ux and thereby 
read the supercurrent state associated With the dot or anti 
dot. 

[0020] In accordance With an embodiment of the inven 
tion, a quantum computing method cools a structure includ 
ing a plurality of independent qubits to a temperature that 
makes the relevant systems superconducting and suppresses 
the decoherence processes in the system. After the structure 
is at the appropriate temperature, the method establishes a 
circulating supercurrent in each qubit in a quantum state that 
can be an admixture of a ?rst state having a ?rst magnetic 
moment and a second state having a second magnetic 
moment. The supercurrent in each qubit is a ground state 
current arising from use of a superconductor With a domi 
nant order parameter having non-Zero angular momentum 
and a subdominant order parameter having any pairing 
symmetry. Applying the magnetic bias ?elds normal to the 
plane of the qubits can set the state of the current. The 
quantum state evolves according to probabilities for tunnel 
ing betWeen the tWo ground states in the presence of an 
externally applied magnetic ?eld. Measuring a magnetic 
moment or ?ux due to the supercurrent generated by the 
qubit determines a result from the quantum evolution. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIGS. 1A, 1B, 1C and 1D are plan vieWs of island 
or dot qubits in accordance With an embodiment of the 
invention. 

[0022] FIGS. 2A, 2B, and 2C are cross-sectional vieWs of 
structures formed in a manufacturing process for a dot qubit 
in accordance With an embodiment of the invention. 
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[0023] FIGS. 3A, 3B, 3C, and 3D are plan views of 
anti-dot qubits in accordance With an embodiment of the 
invention. 

[0024] FIGS. 4A, 4B, and 4C are cross-sectional vieWs of 
structures formed in a manufacturing process for an anti-dot 
qubit in accordance With an embodiment of the invention. 

[0025] FIGS. 5A and 5B are cross-sectional vieWs of 
structures formed in a manufacturing process using irradia 
tion damage of a superconductor and form an anti-dot qubit 
in accordance With an embodiment of the invention. 

[0026] FIG. 6 is a plan vieW of an anti-dot qubit having an 
irregular shape formed by damaging the parent supercon 
ductor via particle irradiation in accordance With an embodi 
ment of the invention. 

[0027] FIGS. 7A, 7B, 7C and 7D are plan vieWs of a dot 
qubit formed in a surrounding insulator in accordance With 
an embodiment of the invention. 

[0028] FIGS. 8A and 8B are cross-sectional vieWs of 
structures formed in a manufacturing process for a qubit in 
accordance With an embodiment of the invention. 

[0029] FIGS. 9A and 9B are respectively plan and per 
spective vieWs of a quantum computing device containing 
an array of dot or anti-dot qubits in accordance With an 
embodiment of the present invention. 

[0030] Use of the same reference symbols in different 
?gures indicates similar or identical items. 

DETAILED DESCRIPTION 

[0031] In accordance With an aspect of the invention, 
quantum computing uses qubits based on the degenerate 
ground states of the supercurrent that arises due to time 
reversal symmetry breaking effects in superconductors. 
These effects occur, for example, in d-Wave superconductors 
When the dominant order parameter symmetry in a super 
conductor is suppressed and the superconductor possesses a 
subdominant component. Furthermore, p-Wave supercon 
ductors exhibit a double degeneracy in the pairing symmetry 
of the order parameters and thus exhibit similar yet less 
sensitive behavior to that of the d-Wave superconductor. 
These effects in d-Wave superconductors may occur at 
boundaries such as grain boundaries, (see US. patent appli 
cation Ser. No. 09/452749, entitled “Permanent Readout 
Superconducting Qubit” by A. M. Zagoskin, Which is hereby 
incorporated by reference in its entirety) and at defects (see 
F. Tafuri and J. R. Kirtley, “Spontaneous Magnetic Moments 
in YBCO Thin Films,” Phys. Rev. B 62, 13934 (2000) and 
the references cited therein, Which are hereby incorporated 
by reference in their entirety). Furthermore, these effects 
may be seen in p-Wave superconductors at boundaries 
similar to those for the d-Wave superconductor (see Masash 
ige Matsumoto and Manfred Sigrist, “Quasiparticle States 
near the Surface and the Domain Wall in a pxzipy-Wave 
Superconductor,” LANL preprint cond-mat/9902265 v2 
(1999), and the references cited therein, and also R. H. 
Heffner, D. E. MacLaughlin, J. E. Sonier, G. J. NieuWen 
huys, O. O. Bernal, Barbara Simovic, P. G. Pagliuso, J. L. 
Sarrao, and J. D. Thompson, “Time-Reversal-Symmetry 
Violation and Coexistence of Superconducting and Mag 
netic Order in CeRh1_XIrXIn5,” and the references cited 
therein, Which are hereby incorporated by reference in their 
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entirety). The ground state supercurrent generates a mag 
netic ?ux having a direction depending on the state of the 
supercurrent. The ground-state supercurrent or magnetic 
?ux, being doubly degenerate, provides the basis for a qubit 
for quantum computing in accordance With an embodiment 
of the invention. Accordingly, the information contained in 
the qubit can be represented by this magnetic ?ux, and the 
magnetic ?ux can be measured, set, or in?uenced to read 
from, Write to, or operate on the qubit. Additionally, qubits 
can be built in useful numbers in the solid state structures 
that support such time-reversal symmetry breaking ground 
state supercurrents. 

[0032] FIGS. 1A and 2C are respectively plan and cross 
sectional vieWs of superconductive dot 100 in accordance 
With exemplary embodiments of the invention. Dot 100 is a 
superconductive region overlying a substrate 120. The 
shape, siZe, and surroundings of dot 100 are generally 
chosen to minimiZe the capacitance of dot 100 With its 
surroundings. Generally, When the capacitance is mini 
miZed, the tunneling behavior of the dot Will be optimiZed, 
and dot 100 Will perform more reliably. 

[0033] In operation, dot 100 is cooled to a temperature that 
makes the material in dot 100 is superconducting, typically 
beloW about 10° K. for a d-Wave superconducting material 
and beloW about 1° K. for a p-Wave superconducting mate 
rial. The operating temperature is typically Well beloW the 
superconducting transition temperature of dot 100 to mini 
miZe thermal interactions that could disturb the coherence of 
the quantum state of dot 100. 

[0034] Dot 100 provides a basic block for construction of 
a qubit in a quantum computing device but can also be an 
independent device alloWing demonstration of macroscopic 
quantum tunneling and incoherent quantum noise in a solid 
state system. As described further beloW, the macroscopic 
quantum tunneling in a set of independent islands permits 
construction of a random number generator that generates a 
random series With Zero correlation. 

[0035] Dot 100 may be formed of any superconductor 
having Cooper pairs in a state With non-Zero orbital angular 
momentum. For example, this occurs in high-Tc cuprates 
such as YBa2Cu3O7_X, Where x takes on values betWeen 0.0 

and 0.6, or Bi2Sr2Can_1CunO2n+4, Tl2Ba2CuO6+X, or 
HgBa2CuO4. An example of a loW temperature supercon 
ductor With non-Zero angular momentum is Sr2RuO4, Which 
has p-Wave superconducting pairing symmetry of its order 
parameters. Another example of a p-Wave superconductor is 
the heavy fermion material CeIrIn5. 

[0036] Substrate 120 is typically an insulator such as 
strontium titanate or sapphire on Which a superconductor 
can be groWn. In dot 100, a superconducting order parameter 
has a preferred direction 130 that is parallel to the plane of 
dot 100 and substrate 120. The persistent currents How in the 
boundary betWeen superconducting dot 100 and the ambient 
atmosphere surrounding dot 100. 

[0037] It is advantageous to make the thickness T1 of dot 
100 much less than the in-plane dimension R1 (e.g., less 
than about 0.2 microns or approximately 1/10 of the diameter 
of the bounding area) so that the currents circulate predomi 
nantly in the plane of dot 100, creating magnetic moments 
that are normal to the plane, although this is not crucial. This 
alloWs easier access to the information stored in the qubit, 
facilitating single qubit operations. 
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[0038] The persistent currents in the dot 100 are sensitive 
to the shape of dot 100. FIG. 1A shoWs dot 100 occupying 
a circular area, but a dot can occupy any closed area. FIG. 
1B shoWs an embodiment of the invention Where a dot 100B 
has a triangular shape. Triangular dot 100B may have any 
rotation angle AB relative to substrate 120 or direction 130 
and any shape, e.g., any length sides SB1 and SB2 such that 
the triangle lies Within bounding radius R1. 

[0039] FIG. 1C shoWs an embodiment of the invention 
Where dot 100C is polygonal in shape. This polygonal 
structure may have any shape, e.g., any lengths of sides SC1, 
SC2, SC3, and SC4, that lies Within the bounding radius R1 
and any rotation angle AC relative to substrate 120 or 
direction 130. 

[0040] FIG. 1D shoWs an embodiment Where a dot 100D 
is ellipsoidal in shape. This structure may have any shape, 
e.g., any semimajor axis SD1 and semiminor axis SD2, that 
lies Within the bounding radius R1 and any rotation angle 
AD relative to substrate 120D or direction 130. 

[0041] Although the shapes, siZes, and orientations of the 
dot qubits can vary Widely, particular con?gurations may 
maximiZe the persistent ground state current or magnetic 
moment of the dot. In the high temperature, d-Wave super 
conductor, the persistent current in triangular dot 100B is 
maximiZed When the internal angle ABI is 90° and the 
hypotenuse, SB3, is at a 45° angle With respect to the order 
parameter. Other optimal dot (or anti-dot) qubit con?gura 
tions can be predicted using theories or models of super 
conductors and experimental veri?cation. 

[0042] Dot 100 (or dot 100B, 100C, or 100D) can be 
formed from a d-Wave superconducting material using 
knoWn techniques for processing high-Tc cuprates. See, for 
example, V. M. Krasnov, A. Yurgens, D. Winkler, P. Delsing, 
“Intrinsic Tunneling Spectroscopy In Small Bi2212 Mesas,” 
Proc. Electron Transport in Mesoscopic Systems (Satellite 
conf. to LT22) 12-15 Aug. 1999, Goteborg, SWeden, P85, 
pp.231-232, and references therein, Which are hereby incor 
porated by reference in their entirety. Similarly, dot 100 can 
be formed using knoWn techniques for processing p-Wave 
superconductive materials. See, for example, the methods 
described by I. Bonalde, B. D. Yanoff, M. B. Salamon, D. J. 
Van Harlingen, E. M. E. Chia, Z. Q. Mao, Y. Maeno, 
“Temperature Dependence of the Penetration Depth in 
Sr2RuO4: Evidence for Nodes in the Gap Function,” Phys. 
Rev. Letters, Nov. 27, 2000, volume 85, number 22, and 
references therein, and also R. H. Heffner, D. E. MacLaugh 
lin, J. E. Sonier, G. J. NieuWenhuys, O. O. Bernal, Barbara 
Simovic, P. G. Pagliuso, J. L. Sarrao, and J. D. Thompson, 
“Time-Reversal-Symmetry Violation and Coexistence of 
Superconducting and Magnetic Order in CeRh1_XIrXIn5,” 
and the references cited therein, Which are hereby incorpo 
rated by reference in their entirety. 

[0043] FIGS. 2A, 2B, and 2C shoW cross-sections of 
structures illustrating an exemplary fabrication process for 
dot 100. The fabrication process begins by groWing a ?lm 
200 of a high-Tc cuprate having thickness T1 about 0.2 
microns on substrate 120. Substrate 120 may be formed of 
strontium titanate, sapphire, or any material upon Which the 
superconductive thin ?lm naturally groWs. Such a ?lm can 
be groWn using pulsed laser deposition, Which uses a laser 
beam to sputter the high-Tc cuprate onto substrate 120. 
Photolithographic processes, Which are Well knoWn in the 
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?eld of integrated circuit manufacturing, then form a mask 
240, Which may for example be formed of a photoresist 
material such as PMMA, on the high-Tc cuprate ?lm 200. 

[0044] An etching process removes a portion of ?lm 200 
to leave dot 100 (typically as one of several dots) on 
substrate 120 as shoWn in FIG. 2B. For dots 100 of the small 
siZe desired, the etching or patterning process can use an 
electron beam to remove part of the superconductor and 
leave dot 100 With the desired dimensions. For a description 
of some knoWn processing techniques, see E. Il’ichev, V. 
Zakosarenko, R. P. J. Ijsselsteijn, H. E. Hoenig, V. SchultZe, 
H. -G. Meyer, M. Grajcar and R. Hlubina, “Anomalous 
Periodicity of the Current-Phase Relationship of Grain 
Boundary Josephson Junctions in High-Tc Superconduc 
tors”, Phys. Rev. B. 60 p.3096 (1999) and references therein, 
Which are hereby incorporated by reference in their entirety. 
After etching, a solvent can remove mask 240, leaving dot 
100 formed of superconductor 200 on substrate 120 (FIG. 
2C). 
[0045] Similarly, dot 100 (or dot 100B, 100C, or 100D) 
can be formed using knoWn techniques for processing 
loW-Tc, p-Wave symmetry superconductors. For example, I. 
Bonalde, B. D. Yanoff, M. B. Salamon, D. J. Van Harlingen, 
E. M. E. Chia, Z. O. Mao, Y. Maeno, “Temperature Depen 
dence of the Penetration Depth in Sr2RuO4: Evidence for 
Nodes in the Gap Function,” Phys. Rev. Letters, Nov. 27, 
2000, volume 85, number 22, and references therein, Which 
are hereby incorporated by reference in their entirety, 
describe fabrication methods using p-Wave superconducting 
material. 

[0046] In a second exemplary embodiment, a supercon 
ductor With dominant order parameter symmetry With non 
Zero angular momentum is locally damaged. This may be 
performed by partial etching or removal of a region of a 
superconductor ?lm or damaging the region via particle 
irradiation, implantation or presence of an insulating phase 
in the material (such as the yttrium rich “green phase” in 
YBa2Cu3O7_X). The non-superconductive region in an oth 
erWise superconductive ?lm is sometimes referred to herein 
as an anti-dot. 

[0047] FIG. 3A shoWs a plan vieW of an anti-dot 300 in 
accordance With an embodiment of the invention. In FIG. 
3A, anti-dot 300 is a locally damaged or removed region in 
a superconductive layer 310 and is bounded by a circle of 
radius R1, Which is typically less than about 1.0 micron. 
Superconductive layer 310 can be formed on a substrate as 
described above. Also as above, the operating temperature of 
superconductive layer 310 is beloW approximately 10° K. in 
a high-Tc embodiment and approximately 1° K. in a loW-Tc 
embodiment, to make layer 310 superconducting and sup 
press thermal disturbance of the quantum state of the anti 
dot. The locally damaged region acts as a defect that 
suppresses the dominant order parameter locally, alloWing 
time-reversal symmetry breaking that provides a degeneracy 
in the ground state supercurrent around anti-dot 300. These 
supercurrents circulate in a similar fashion to those around 
dot 100 described above, except that the insulator (be it the 
ambient atmosphere or a region of suppressed superconduc 
tivity) is noW “inside” of a closed area and the supercon 
ductor is “outside”, Which is the inverse of the dot case. 

[0048] FIG. 3A shoWs an anti-dot that is circular, but 
other shapes can be employed. In particular, FIGS. 3B, 3C, 
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and 3D respectively show embodiments Where anti-dots 
300B, 300C, and 300D are triangular, polygonal, and ellip 
soidal in shape. The various shapes can have any rotation 
angle relative to the substrate or the direction 130. Sides or 
dimensions of the anti-dots can be varied Within the limits of 
a bounding radius for the anti-dot. As in dot 100B, anti-dot 
300B yields optimiZed persistent current When interior angle 
ABI is 90° and the hypotenuse, SB3, maintains a 45° angle 
With respect to the order parameter orientation 130. 

[0049] Anti-dot 300 can be formed using knoWn tech 
niques for construction of superconductive structures. 
FIGS. 4A, 4B, and 4C illustrate a ?rst exemplary process for 
fabricating anti-dot 300. As shoWn in FIG. 4A, the fabri 
cation process begins by groWing a superconducting ?lm 
410 having thickness T1 less than about 1.0 microns on 
substrate 120. Substrate 120 may contain strontium titanate 
or any material upon Which superconductive thin ?lm 410 
naturally groWs. Film 410 can be groWn using pulsed laser 
deposition, Which uses a laser beam to sputter the high-Tc 
cuprate onto substrate 120. A photolithographic process 
deposits and patterns a mask 420 on superconductor 410 to 
form an opening 430 in mask 420. 

[0050] As shoWn in FIG. 4B, an etching process removes 
portions of ?lm 410 to form a ?lm 415 having a depression 
or opening 440 in a region that mask 420 eXposes. It is not 
necessary to etch the anti-dot all the Way through ?lm 410 
to the substrate 420. In particular, the depth D1 of the 
etching into ?lm 410 can be varied to ?ne tune the magni 
tude of the persistent currents. Typically, the etching depth 
D1 is about one half the initial thickness T1 of ?lm 410. For 
anti-dot 300 of the small siZe desired, the etching or pat 
terning process can use an electron beam to remove part of 
the superconductor ?lm 410 and leave anti-dot 300 With the 
desired dimensions. 

[0051] A second exemplary embodiment the fabrication 
process begins by groWing a single crystal of a high-Tc 
cuprate having thickness, Width and length all greater than 
one micron. Crystal groWing procedures are Well knoWn and 
are described in, for eXample, A. Erb, E. Walker, and R. 
Flukiger, Physica C 245, 245 1995, and R. Liang, D. A. 
Bonn, and W. N. Hardy, Physica C 304, 105 1998, and 
references cited therein, Which are hereby incorporated by 
reference in their entirety. A photolithographic process 
masks and etches the crystal to form anti-dot 300 (typically 
as one of several anti-dots present in the same single 
crystal). Patterning and lithography of the crystals is similar 
to that for ?lms. 

[0052] A third fabrication process begins by groWing a 
?lm of a high-Tc cuprate 510 having thickness less than 
about 1.0 microns on substrate 120 as described above and 
illustrated in FIG. 5A. A particle beam 520 such as a beam 
of neutrons or alpha particles then irradiates the ?lm, locally 
damaging a region of the ?lm and forming anti-dot 300 
(typically as one of several anti-dots) on substrate 120, as 
shoWn in FIG. 5B. Either a mask 420 as illustrated in FIG. 
4A or the siZe of particle beam 520 can limit the damaged 
region 560 (e.g., the bounding radius of the anti-dot 300). 
FIG. 5A illustrates a process Where the diameter of a 
particle beam limits the siZe of the damaged region 560. 
Information on the effects of particle irradiation and meth 
ods to perform this irradiation are described, for eXample, in 
Mi-Ae Park, Yong-Jihn Kim “Weak LocaliZation Effect in 
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Superconductors by Radiation Damage” Phys. Rev. B 61, 
14733 (2000) and references therein, Which are hereby 
incorporated by reference in their entirety. 

[0053] The damaged region (i.e., the anti-dot) can have 
any of the shapes illustrated in FIGS. 3A, 3B, 3C, and 3D. 
The anti-dot can also have other shapes such as the irregular 
shape illustrated in FIG. 6, Which may result When the siZe 
of the anti-dot nearly matches the siZe of the particle beam. 
Damage to the anti-dot does not need to eXtend all the Way 
through ?lm 510 to the substrate 120. The thickness T2 of 
the damage can be used to vary the magnitude of the 
persistent currents and typically eXtends to a depth that is 
about one half the thickness T1 of ?lm 510. The resulting 
persistent current in this embodiment of the invention eXhib 
its the same behavior as the anti-dots described above in 
regards to FIGS. 3A, 3B, 3C, and 3D. 

[0054] A fourth fabrication process begins by groWing a 
single crystal of a high-Tc cuprate having thickness, Width 
and length all greater than about one micron. A source of 
particles is then used to irradiate the crystal, locally dam 
aging it and forming an anti-dot (typically as one of several 
anti-dots fabricated on the crystal). 

[0055] FIG. 7A illustrates a plan vieW of a dot 700 in 
accordance With yet another embodiment of the invention. 
This embodiment uses a layer 710 of a material that is an 
insulator but close to an insulating-superconducting transi 
tion and that photon or particle irradiation can cause a 
portion of layer 710 to transition into the superconducting 
phase. Local photon irradiation, for eXample, via scanning 
near-?eld microscopy techniques, can create dot 700 of 
superconductor inside the insulating matriX of layer 710. 
See, for eXample, R. S. Decca, H. D. DreW, E. Osquiguil, B. 
Maiorov, J. Guimpel, “Anomalous Proximity Effect in 
Underdoped YBaCuO Josephson Junctions,” Phys. Rev. 
Lett. 85, 3708 (2000) and references therein, Which are 
hereby incorporated by reference in their entirety. The 
bounding radius R1 of dot 700 is preferably less than about 
1 micron. Dot 700 then functions in a similar fashion to dot 
100 of FIG. 1A, eXcept that a boundary 705 along Which the 
supercurrent ?oWs is a superconductor-parent insulator 
boundary instead of a superconductor-ambient atmosphere 
boundary. 

[0056] Dot 700 is not limited to being circular in shape but 
instead can have any desired shape as illustrated in FIGS. 
7A, 7B, 7C, and 7D. In particular, dot 700 can be circular, 
elliptical, triangular, or polygonal, With certain non-trivial 
shapes resulting in maXimiZed persistent current. For 
eXample, a triangular shape (as illustrated similarly by dot 
100B and anti-dot 300B) yields maXimal persistent current 
When the internal angle ABI is 90° and the hypotenuse, SB3, 
maintains a 45° angle With respect to the order parameter of 
the superconductive material. 

[0057] FIG. 8A illustrates a ?rst fabrication process for 
dot 700, Which begins by groWing a ?lm 815 of an under 
doped insulating high-Tc cuprate (such as YBa2Cu3O7_X, 
Where X is strictly greater than 0.6 and strictly less than 1.0) 
having a thickness T3 of about 0.2 microns on substrate 120. 
Substrate 120 may be formed of any material upon Which the 
under-doped, insulating high-Tc ?lm naturally groWs, such 
as strontium titanate. Such a ?lm can be groWn using pulsed 
laser deposition, Which uses a laser beam to sputter the 
cuprate onto substrate 120. 
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[0058] A photon source or a particle beam source then 
irradiates a region of ?lm 815, Which forms superconductive 
dot 800 (typically as one of several dots) Within the parent 
insulating ?lm 815. The irradiation changes the local charge 
density, effectively changing the doping of the high-Tc 
cuprate so that the region can become superconducting. The 
effect of the irradiation is knoWn to persist over an extended 
period unless the material is heated. 

[0059] The thickness T4 of dot 800 can be varied so as to 
control the magnitude of the persistent supercurrents gen 
erated around dot 800. Thickness T4 of dot 800 is preferably 
about one half the thickness T3 of layer 815. 

[0060] For operation, any of the above-described embodi 
ments of the invention are cooled to a temperature less than 
about 10° K. in a high-Tc superconductor embodiment, or 1° 
K. in a loW-Tc superconductor embodiment, so that all 
relevant regions are superconducting. To suppress thermal 
sources of decoherence, the operating temperature is far 
beloW the threshold temperature Tc for superconductivity of 
the superconductors. In particular, the loW temperature sup 
presses decoherence processes due to inelastic scattering. 

[0061] For all embodiments of the invention, the order 
parameter symmetry of the superconductor causes a non 
Zero supercurrent in the ground state, and the ground state of 
the supercurrent is tWice degenerate if no external electro 
magnetic ?eld is applied. TWo degenerate states having the 
ground state energy and distinct magnetic moments corre 
spond to ground state supercurrents circulating around the 
boundary of the dot or anti-dot in clockWise and counter 
clockWise senses, in a preferred plane of the dot and/or 
anti-dot. In accordance With current theoretical descriptions, 
e.g., the Eilenberger equations describing the quasi-classical 
limit of superconductivity, an order parameter III describes 
supercurrents in superconductors. See for example M. H. S. 
Amin, A. N. Omelyanchouk, and A. M. Zagoskin, “Mecha 
nisms of Spontaneous Current Generation in an Inhomoge 
neous d-Wave Superconductor,” LANL preprint server 
cond-mat/0011416, submitted to Phys. Rev. B, Feb. 8, 2001 
and references therein, Which are hereby incorporated by 
reference in their entirety. The tWo basis states (|0> and |1>) 
associated With the supercurrent in all embodiments of the 
invention permit quantum computing as described further 
beloW. 

[0062] To Write to the qubit (initialiZe its state), a static 
magnetic ?eld With a magnitude selected according to the 
speci?c embodiment of the invention, is applied normal to 
the plane of the qubit and in a direction chosen according to 
the desired basis state (|0> or |1>). The magnetic ?eld has the 
effect of biasing or breaking the degeneracy of the qubit 
states. With this bias, the qubit decays to the most energeti 
cally favorable state (either |0> or |1> as required), With the 
time to decay typically being shorter than 1 millisecond but 
depending on the chosen embodiment of the invention. See 
U. Weiss, Quantum Dissipative Systems, World Scienti?c, 
1998, Which is hereby incorporated by reference in its 
entirety. 

[0063] To perform single qubit operations on the dot or 
anti-dot qubit, the external magnetic ?eld can be modulated. 
Application of a magnetic ?eld in the plane of the qubit 
generates a term in the effective Hamiltonian of the form 
A(HX)(°JX, Where the tunneling matrix element A(HX) betWeen 
the states |0> and |1> can be varied over a large range, 
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typically from Zero (for Zero transverse ?eld) to 100 GHZ 
depending on the speci?c embodiment of the qubit. Apply 
ing a magnetic ?eld normal to the plane of the qubit provides 
a term proportional to 62. 

[0064] To overcome the effects of tunneling and keep a dot 
or anti-dot qubit in a speci?c state, an alternating magnetic 
?eld B(t) normal to the qubit can be used. This has the effect 
of adding to the Hamiltonian a term proportional to B(t)oz, 
Where, for example, B(t) can be a square Wave. This method 
is also used in conjunction With a clock Whose frequency is 
an integer multiple of the square Wave frequency (so that at 
every clock pulse the qubit is in the same state it began in). 

[0065] To read the supercurrent state associated With a dot 
or anti-dot, an ultra-sensitive instrument, such as a SQUID 
microscope, a scanning Hall probe, or magnetic force micro 
scope (particularly a magnetic force cantilever microscope), 
determines the direction of the magnetic ?ux and thereby 
reads the state of the qubit. 

[0066] FIGS. 9A and 9B illustrate a quantum computing 
device in accordance With an embodiment of the invention. 
The quantum computing device includes dot or anti-dot 
qubits 900-11 to 900-MN, Which are arranged in an M by N 
planar array formed in a surrounding material 910 on a 
substrate 120. Each qubit 900 can be a dot or anti-dot 
according to any of the above-disclosed embodiments of the 
invention. The horiZontal and vertical separations S1 
betWeen the outer edges of the bounding radii of nearest 
neighbor qubits is not vital but should be greater than 1 
micron to reduce coupling betWeen adjacent qubits. Qubits 
900 can operate at a temperature beloW about 42° K. in a 
high-Tc embodiment or 1° K. in a loW-Tc p-Wave embodi 
ment, so that thermal excitations do not interfere With the 
coherence of the quantum state associated With the super 
current. Each qubit 900-11 to 900-MN has an associated 
input/output (I/O) device 950-11 to 950-MN for data input 
and output. 

[0067] For data input, devices 950-11 to 950-MN generate 
magnetic ?elds normal to the plane of respective qubits 
900-11 to 900-MN (longitudinal ?elds) and in the plane of 
respective qubits 900-11 to 900-MN (transverse ?elds). In 
one embodiment, I/O devices 950-11 to 950-MN include 
conventional magnetic circuits that apply magnetic ?elds to 
individual qubits or groups of qubits. The magnetic ?elds 
break the degeneracy of the ground state current and alloW 
each qubit 900-11 to 900-MN to settle in a quantum state 
corresponding to a knoWn superposition of the clockWise 
and counterclockWise supercurrent states. 

[0068] After initialiZing the qubits, the magnetic ?elds are 
removed or changed, and subsequent quantum tunneling 
betWeen the ground states, in the presence of applied mag 
netic ?elds, describes the evolution of the state of the qubit. 
The effect of these magnetic ?elds on the evolution of the 
qubit is knoWn and is described in, for example, G. Rose, 
“AC Relaxation in the Fe8 Molecular Magnet,” Chapters 
4&5, Ph. D. Thesis, University of British Columbia, Depart 
ment of Physics and Astronomy. 

[0069] For data output, I/O devices 950-11 to 950-MN can 
include devices such as a SQUID microscope or a magnetic 
force microscope that measures supercurrent of each qubit 
When a quantum calculation is complete. 

[0070] In the embodiment of FIG. 9B, I/O devices 950-11 
to 950-MN can be formed as an array of SQUIDs formed on 
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a substrate that is “?ip-chip” bonded to substrate 120. The 
array of SQUIDs has a pitch that matches that of the array 
or qubits. Ideally, the same SQUID acts as both an input 
device that applies magnetic ?elds to a corresponding qubit 
and as an output device that senses the magnetic moment of 
the supercurrent in the corresponding qubit. Niobium 
SQUID, Which are knoWn in the art, could be employed. 
Alternatively, an array of aluminum or high-Tc SQUIDs 
should also be suitable. 

[0071] One application of the invention is as a fundamen 
tal building block for gates and circuits for performing 
computations involving quantum information. 

[0072] Another application of the invention is in a random 
number generator. In this application, the quantum states of 
a set of qubits evolve to a state Where each qubit has an equal 
(or at least known) probability of being in each of ground 
states. The states are then determined, for example, by 
observing each qubit With a magnetic force microscope or 
another magnetic probe. Each determined state corresponds 
to a bit value (0 or 1) so that the collection of determined 
states provides a random binary value having as many bits 
as there are qubits in the set. Quantum theory indicates that 
a series of bits thus generated are random Without correla 
tion or repetition. 

[0073] The time required for a calculation and the inter 
pretation of the read out results depends on the calculation 
performed. Such issues are the subjects of many papers on 
quantum computing. The structures described herein can 
perform calculations requiring only single qubits provided 
that the structures provide a sufficient number of indepen 
dent qubits and a decoherence time that is longer than the 
required calculation time. The structures can typically 
achieve longer coherence times by decreasing the operating 
temperature. 

[0074] Although the invention has been described With 
reference to particular embodiments, the description is only 
an eXample of the invention’s application and should not be 
taken as a limitation. Various adaptations and combinations 
of features of the embodiments disclosed are Within the 
scope of the invention as de?ned by the folloWing claims. 

1. A quantum computing device comprising: 

an interface betWeen a ?rst area and a second area, 
Wherein the interface folloWs a perimeter of a closed 
area, and one of the areas is a superconductive material 
having Cooper pairs that are in a state With non-Zero 
orbital angular momentum; and 

a sensor operable to sense a persistent current along the 
interface around the closed area. 

2. The quantum computing device of claim 1, further 
comprising a device capable of applying localiZed magnetic 
?elds both parallel and perpendicular to a plane of the 
interface. 

3. The quantum computing device of claim 2, Wherein 
applying the localiZed magnetic ?eld perpendicular to the 
plane of the interface Writes a value to the qubit. 

4. The quantum computing device of claim 1, Wherein the 
sensor is capable of applying localiZed magnetic ?elds both 
parallel and perpendicular to the plane of the interface. 

5. The quantum computing device of claim 1, Wherein the 
closed area is inside a bounding area having a radius less 
than one micron. 
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6. The quantum computing device of claim 1, Wherein the 
superconductive material is a d-Wave superconductor. 

7. The quantum computing device of claim 6, Wherein the 
superconductive material is selected of the group consisting 
of YBa2Cu3O7_X, Bi2Sr2Can_1CunO2n+4, Tl2Ba2CuO6+X, 
and HgBa2CuO4. 

8. The quantum computing device of claim 1, Wherein the 
superconductive material is a p-Wave superconductor. 

9. The quantum computing device of claim 8, Wherein the 
superconductive material is Sr2RuO4. 

10. The quantum computing device of claim 8, Wherein 
the superconductive material is CeIrIn5. 

11. The quantum computing device of claim 1, Wherein 
the second material is a non-superconductive material. 

12. The device of claim 11, Wherein the superconductive 
material comprises a layer having openings in Which the 
non-superconductive material resides. 

13. The device of claim 12, Wherein one or more of the 
openings pass completely through the layer. 

14. The device of claim 11, Wherein the superconductive 
material comprises a layer having one or more depressions 
in Which the non-superconductive material resides. 

15. The device of claim 11, Wherein the non-supercon 
ductive material is an insulating material. 

16. The device of claim 11, Wherein the interface com 
prises: 

a ?rst region of the superconductive material in the closed 
area; and 

a second region of the non-superconductive material, 
Wherein the second region surrounds the ?rst region. 

17. The device of claim 11, Wherein the interface com 
prises: 

a ?rst region of the non-superconductive material in the 
closed area; and 

a second region of the superconductive material, Wherein 
the second region surrounds the ?rst region. 

18. The device of claim 11, Wherein the interface com 
prises: 

a ?rst region of the superconductive material in the closed 
area; and 

a second region of ambient atmosphere, Wherein the 
second region surrounds the ?rst region. 

19. The device of claim 11, Wherein the interface com 
prises: 

a ?rst region of ambient atmosphere in the closed area; 
and 

a second region of superconductive material, Wherein the 
second region surrounds the ?rst region. 

20. The device of claim 11, Wherein the ?rst and second 
materials are the same eXcept that one of the ?rst and second 
materials is irradiated to change its properties. 

21. The device of claim 1, Wherein the ?rst and second 
materials are the same eXcept that the second material has a 
damaged crystalline structure. 

22. The device of claim 1, Wherein the sensor comprises 
a scanning SQUID microscope. 

23. The device of claim 1, Wherein the sensor comprises 
a magnetic force cantilever microscope. 

24. The device of claim 1, Wherein the sensor comprises 
a scanning Hall probe. 
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25. A method for forming a qubit, comprising: 

depositing a layer on a substrate; and 

processing the layer to form an interface that follows a 
perimeter of a closed area, Wherein a superconductive 
material having Cooper pairs that are in a state With 
non-Zero orbital angular momentum are on one side of 
the interface. 

26. The method of claim 25, Wherein the method of 
processing the layer comprises etching the layer. 

27. The method of claim 26, Wherein the method of 
etching the layer comprises removing an inner, bounded side 
of the closed area. 

28. The method of claim 26, Wherein the method of 
etching the layer comprises removing an outer side of the 
closed area. 

29. The method of claim 25, Wherein: 

the layer comprises the superconductive material; and 

processing the layer comprises damaging the supercon 
ductive material such that the superconductive material 
becomes non-superconductive. 
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30. The method of claim 29, Wherein damaging the 
superconductive material comprises irradiating the material 
With a particle beam. 

31. The method of claim 30, Wherein the particle beam 
comprises neutrons or alpha particles. 

32. The method of claim 29, Wherein damaging the layer 
comprises damaging an inner side of the closed area. 

33. A method for forming a qubit, comprising: 

depositing a layer of a non-superconductive material on a 
substrate; and 

doping the layer to form a region of a superconductive 
material having Cooper pairs that are in a state With 
non-Zero orbital angular momentum. 

34. The method of claim 33, Wherein doping the layer 
comprises irradiating the non-superconductive material With 
a photon beam. 

35. The method of claim 33, Wherein doping the layer 
comprises irradiating the non-superconductive material With 
a particle beam. 


